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ABSTRACT: The separation of olefin position isomers with straight carbon chains is of significance in chemical industry, which is conventionally processed by energy-intensive extractive distillation columns. Here we show a new adsorptive separation approach using nonporous adaptive crystals of a pillar[5]arene. Desolvated perethylated pillar[5]arene crystals (EtP5) with a nonporous character can selectively adsorb 1-pentene (1-Pe) over its position isomer 2-pentene (2-Pe), leading to a structural change from EtP5 to 1-Pe loaded structure (1-Pe@EtP5). The purity of the obtained 1-Pe reaches 98.7% in just one cycle. Upon removal of 1-Pe, 1-Pe@EtP5 crystals will transform back to EtP5 which can be reused without losing any separation performance. Moreover, this linear position isomer sorting in EtP5 is also found efficient in the separation of / haloalkane isomers, that is separating 1-chlorobutane from 2-chlorobutane with over 99% purity in one cycle. 
Olefins are a category of important chemical feedstock in chemical industry. Olefins with straight carbon chains have several position isomers due to different positions of the double bonds. The production of synthetic lubricants and other polymers from olefins generally requires a feed stock comprising substantially linear olefins with the double bond in the  position.1 The quality of the resultant polymer used in synthetic lubricating oil will be seriously impaired if the double bond is in the  position. As the supply of crude petroleums used for producing high quality lubricating oil is decreasing, it becomes increasingly important to produce synthetic lubricating oils of high quality to fill the supply deficiency of natural lubricating oil.2 Nevertheless, l-pentene (1-Pe), one of the most intensively used -olefins, is not obtained as a pure compound from petroleum hydrocarbons. It is usually mixed with 2-pentene, cis-2-pentene (cis-2-Pe) and trans-2-pentene (trans-2-Pe), as a result of cracking, dehydrogenation or other conversion operations during production.3 Therefore, the separation of l-pentene from 2-pentene is necessary and desirable. However, the boiling points of the three olefinic hydrocarbons are similar, suggesting that the separation of 1-pentene from 2-pentene by distillation is difficult. Although they can be separated by extractive distillation with very high towers, it is a method which is energy-intensive and environment unfriendly.4 Moreover, the highly reactive double bonds in these olefins are tend to polymerize at evaluated temperatures during distillation, which will further reduce the separation efficiency.4 
  An alternative and potential more energy-efficient strategy to separate olefin isomers is adsorptive separation using ordered porous materials. The isomers are separated based on their differences in molecular sizes, shapes, polarities, and/or polarizabilities.5,6 This method does not require elevated temperatures, therefore the problem of unexpected polymerization can be avoided. For example, by controlling the conformation of C4 olefins adsorbed in a porous metal-organic framework, 1,3-butadiene was separated from a mixture of C4 hydrocarbons with a purity over 99.5%.5 However, the separation of straight chain  olefins from mixtures containing their  olefins has been barely realized using this method. The subtle structural difference of  and  olefin isomers, with same molecular length and shape except for the position of double bond, makes it extremely difficult to find suitable separation materials for these isomers . 
In this study, we focused on pillararenes, a new generation of supramolecular macrocyclic hosts.7-19 Previous studies have shown that pillar[5]arenes could form hostguest complexes with linear alkanes both in solution and in the solid state,17,18 This unique property offers the potential to use pillar[5]arenes as separation materials to separate linear olefin isomers in which only the positions of the double bond are different, although the interactions of pillar[5]arenes with linear olefins have rarely been explored8. An easily-obtained pillar[5]arene, perethylated pillar[5]arene (EtP5), was chosen to investigate this possibility (Scheme 1). We found that desolvated EtP5 crystals (EtP5) with a nonporous character could selectively adsorb 1-Pe over its position isomer 2-Pe, accompanied by a structural change from EtP5 to 1-Pe loaded form (1-Pe@EtP5). The purity of the obtained 1-Pe could reach 98.7% in just one cycle. Upon removal of 1-Pe, 1-Pe@EtP5 crystals would transform back to EtP5 and the resultant EtP5 crystals could be reused without losing performance. Moreover, this linear position isomer sorting in nonporous EtP5 crystals was also found very efficient in the separation of / haloalkane isomers, that is, separating 1-chlorobutane from 1-chlorobutane/2-chlorobutane mixture with over 99% purity. 

Scheme 1. Chemical structures of (a) perethylated pillar[5]arene EtP5 and (b) 1-pentene (1-Pe), trans-2-pentene (trans-2-Pe) and cis-2-pentene (cis-2-Pe). 
EtP5 was synthesized according to a previously reported method.13 Then the desolvated EtP5 was prepared as adsorptive separation material (see the Supporting Information). As confirmed by powder X-ray diffraction (PXRD) experiments, it was crystalline in the solid state (referred to as EtP5, Figure S4). Unlike the conventional porous materials,20-22 N2 sorption experiment showed that EtP5 is barely porous, which agrees with their dense packing in the crystal state (Figure S5). 
In spite of its nonporous properties, we explored the adsorption capacity of EtP5 on linear pentenes. To our surprise, the adsorption of pentenes only started at certain pressures, which often suggests a gate-opening behavior of the materials (Figure 1a).17 The gate opened for 1-Pe at the lowest pressure (P/P0 = 0.5), followed by trans-2-Pe (P/P0 = 0.6), and cis-2-Pe (P/P0 = 0.8). However, the adsorption amounts of all pentene isomers were almost the same when P/P0 reached 1. More interestingly, in the desorption processes, the adsorbed 1-Pe and trans-2-Pe were not released at all, even under reduced pressure. On the contrary, the included cis-2-Pe would release at reduced pressure (Figure 1a). Based on the isotherms, it was expected that the adsorbed 1-Pe and trans-2-Pe were encapsulated in the EtP5 cavity where they were most likely stabilized by multiple CH/ interactions between 1-Pe/trans-2-Pe and EtP5,18 respectively, while cis-2-Pe might be size-excluded in the cavity and located among EtP5 molecules. 1H NMR spectra and thermogravimetric analysis (TGA) further confirmed the quantitative adsorption and the stable storage of 1-Pe and trans-2-Pe (Figure S9S15). For EtP5 after the adsorption of 1-Pe, the weight loss began at ~66 C, much higher than the boiling point (30 C) of 1-Pe, strongly supporting the stability of 1-Pe in EtP5 crystals (Figure S13). The mechanism behind the uptake of 1-Pe/2-Pe vapor was then investigated by powder X-ray diffraction experiments. The PXRD patterns of EtP5 after 1-Pe/2-Pe uptake were different from each other and completely different from that of EtP5 (Figure 1b). These differences indicated that 1-Pe/2-Pe uptake in EtP5 induces the formation of new structures. 

Figure 1. (a) Vapor sorption isotherms of EtP5 towards linear pentenes: 1-Pe (blue squares), trans-2-Pe (magenta triangles), cis-2-Pe (red diamonds). Solid symbols: adsorption; open symbols: desorption. (b) PXRD patterns of EtP5: (I) original EtP5; (II) after adsorption of 1-Pe vapor; (III) after adsorption of trans-2-Pe vapor; (IV) after adsorption of cis-2-Pe vapor. 
To reveal the structures, single crystals of EtP5 loaded with pentenes were obtained by 1-Pe and 2-Pe vapor diffusion into dichloromethane solution of EtP5, respectively, which were further characterized by X-ray crystallography. In the crystal structure of 1-Pe loaded EtP5 (1-Pe@EtP5), a 1-Pe molecule was encapsulated in the cavity of EtP5, forming a 1:1 pseudorotaxane (Figure 2a). Three hydrogen atoms on 1-Pe have CH/ interactions with the arenes on EtP5. The distance is between 2.99 and 3.02 Å, shorter than the longest interatomic distance in a CH/ interaction (3.05 Å),18 confirming the stablization between 1-Pe and EtP5 by CH/ interactions (Figure 2a, left). Each EtP5 molecule was perpendicular to its adjcant molecule with a body-to-window packing mode (Figure 2a, right). Moreover, the PXRD pattern of EtP5 after adsorption of 1-Pe match well with that simulated from 1-Pe@EtP5, revealing the crystal structure transformation from EtP5 to 1-Pe@EtP5 upon capture of 1-Pe (Figure S16). Interestingly, in the crystal structure of 2-Pe loaded EtP5 (trans-2-Pe@EtP5), not only 2-Pe included in the cavity of EtP5 but also dichloromethane solvate excluded the cavity were observed (Figure 2b). But for the 2-Pe solvate, only trans-2-Pe other than cis-2-Pe was located in the caivty of EtP5, which is exactly the same with the single crystal structure obtained by trans-2-Pe diffusion into a dichloromethane solution of EtP5 (Figure 2b, left and middle). This shows a molecular conformational selectivity of EtP5 in the solution. The packing mode of trans-2-Pe@EtP5 was different from 1-Pe@EtP5 because of the existence of dichloromethane solvate. Due to the same reason, the PXRD patterns of EtP5 after adsorption of trans-2-Pe and cis-2-Pe did not match with that simulated from trans-2-Pe@EtP5 (Figure S17). It is still noteworthy that only one hydrogen atom of trans-2-Pe was calculated to have a CH/ interaction with EtP5, fewer than those of 1-Pe with EtP5, which may lead to a lower binding affinity of trans-2-Pe with EtP5 (Figure 2b, left). As a comparison, we also obtained n-pentane-loaded EtP5 (n-Pa@EtP5) single crystal structure using the same method (Figure 2c). Surprisingly, this structure is almost as the same as 1-Pe@EtP5 with n-Pa inside the cavity of EtP5 and the body-to-window packing mode of EtP5 (Figure 2a and 2c). The PXRD patterns simulated from 1-Pe@EtP5 and n-Pa@EtP5 are the same, further confirming their similar structure (Figure S19). There are six hydrogen atoms on n-Pa having CH/ interactions with EtP5 (Figure 2c, left), which is two times of the number of 1-Pe with EtP5 (Figure 2a, left). 

Figure 2. Single crystal structures: (a) 1-Pe@EtP5; (b) trans-2-Pe@EtP5; (c) n-Pa@EtP5. 
  Despite the similarity of the sorption isotherms, the difference of the final EtP5 crystal structures after adsorption of linear pentenes prompted us to consider whether EtP5 could discriminate the three pentene isomers. Firstly, we tested position sorting effect of linear pentenes. A time-dependent EtP5 solid–vapor sorption experiments for a 1-Pe/2-Pe (v:v 1:1) mixture was carried out. As can be seen from Figure 3, the uptake of 1-Pe in EtP5 increased over time and reached a saturation point after 7 hours while the uptake of 2-Pe mixture remained low during the same time period, implying a remarkably selective adsorption of 1-Pe. Gas chromatography experiment showed that the ratio of 1-Pe adsorbed by EtP5 over the course of the experiment was over 98.7% while 2-Pe accounted for the rest 1.3%, confirming the high selectivity of 1-Pe in EtP5 (Figure 3b). PXRD experiments were further carried out to verify the structural change (Figure 3c). The PXRD pattern of EtP5 after uptake of the 1-Pe/2-Pe mixture vapor totally changed and became different from that of EtP5. Intriguingly, it matched well with the pattern of EtP5 upon adsorption of 1-Pe and the pattern simulated from single crystal structure of 1-Pe@EtP5. These results showed that EtP5 as a nonporous crystalline solid could selectively capture 1-Pe from a 1-Pe/2-Pe position isomer mixture, transforming EtP5 into 1-Pe@EtP5 (Figure 3e). In conventional robust crystalline porous materials,5,6 their structures usually do not change upon guest capture while the “intrinsic porosity” in nonporous pillar[5]arene crystals could be induced by preferable guest molecules.

Figure 3. (a) Time-dependent EtP5 solid–vapor sorption plot for 1-Pe/2-Pe mixture vapor. (b) Relative amount of 1-Pe and 2-Pe in the resultant vapor measured by gas chromatography. (c) PXRD patterns of EtP5: (I) original EtP5; (II) after adsorption of 2-Pe mixture vapor; (III) after adsorption of 1-Pe vapor; (IV) after adsorption of 1-Pe/2-Pe mixture vapor; (V) simulated from single crystal structure of 1-Pe@EtP5. (d) Relative uptake of 1-Pe and 2-Pe in EtP5 for 7 hours after EtP5 is recycled 5 times. (e) Structural representation of the transformation from EtP5 to 1-Pe@EtP5 upon uptake of 1-Pe/2-Pe mixture vapor and the release of 1-Pe by heating. 
Furthermore, we also tested whether EtP5 could discriminate 2-Pe conformational isomer mixture. Gas chromatography experiment showed the ratio of trans-2-Pe and cis-2-Pe adsorbed in EtP5 was 76.3% and 18.7%, respectively (Figure S20). There was not obvious difference between the PXRD patterns of EtP5 after adsorption of trans-2-Pe, cis-2-Pe and 2-Pe isomer mixture (Figure S21). Even though EtP5 showed a preference of trans-isomer, the selectivity of trans-2-Pe is not satisfactory. It also explains that the process of adsorption of 2-Pe isomer mixture is a combination of adsorption of individual trans-2-Pe and cis-2-Pe, as shown in their sorption isotherms (Figure S22). 
As discussed above, EtP5 has an excellent selectivity of 1-Pe over 2-Pe while the selectivity of trans-2-Pe over cis-2-Pe is not so good. This indicated that the sorption isotherms could not give a clear information about selectivity and the selectivity might be determined by the differences of the final crystal structures of EtP5 after adsorption of pentenes. This was then confirmed by n-Pa/1-Pe and n-Pa/2-Pe adsorption measurements. The structures of n-Pa@EtP5 and 1-Pe@EtP5 have been demonstrated to be almost the same (Figure 2a, 2c and S23); the difference between the sorption isotherms of n-Pa and 1-Pe in EtP5 is more significant than that between 1-Pe and trans-2-Pe (Figure S24). GC measurement showed that the relative uptake of n-Pa was 61.2% and that of 1-Pe was 38.8% when a mixture of them was diffused into EtP5, indicating the low selectivity of them (Figure S25). It is intriguing that the selectivity of n-Pa over 2-Pe is remarkable even though their sorption isotherms are similar (Figure S26 and S27). This is quite different from conventional porous adsorptive separation materials, such as zeolites and metal-organic frameworks, where the selectivity of one gas/vapor over another can be easily recognized from sorption isotherms.3,5,6 In this case, nonporous adaptive crystals of EtP5 have the ability to distinguish those having small differences in sorption isotherms.
One barrier in adsorptive separation is the decreasing performance of porous materials over time, because of the fouling or instability of the porous framework. To be practically useful, an adsorbent must perform well over multiple cycles without any degradation. The desolvated 1-Pe@EtP5 was shown by PXRD experiments to still be the nonporous EtP5 phase after 1-Pe was totally removed (Figure S29). We further demonstrated that the newly-formed EtP5 was still able to selectively adsorb 1-Pe from 1-Pe/2-Pe position isomer mixture without losing any performance after recycling for 5 times (Figure 3d). 

Figure 4. (a) Vapor sorption isotherms of EtP5 towards linear chlorobutanes: 1-CB (green squares), 2-CB (violet triangles). Solid symbols: adsorption; open symbols: desorption. (b) Single crystal structure of 1-CB@EtP5. (c) Relative amount of 1-CB and 2-CB in the resultant vapor measured by gas chromatography. (d) Relative uptakes of 1-CB and 2-CB in EtP5 for 7 hours after EtP5 is recycled 5 times. (e) Structural representation of the transformation from EtP5 to 1-CB@EtP5 upon uptake of 1-CB/2-CB mixture vapor and the release of 1-CB by heating.
As demonstrated above, EtP5 as a nonporous material has a remarkable performance in adsorptive separation of 1-Pe from its -position isomers. We have also tested whether EtP5 was a universal separation material for other linear position isomers. / haloalkane isomers, produced by halogenation of alkanes or alkenes as a mixture, have similar physical properties, which renders the difficulties in the separation process.23 It is found that EtP5 also showed an exceptional selectivity of -position haloalkane (1-chlorobutane, 1-CB) over its -position isomer (2-chlorobutane, 2-CB). The sorption isotherm revealed that single 1-CB and 2-CB have similar uptake amounts in EtP5 (Figure 4a). The difference is that the gate opening pressure of 1-CB is much lower than that of 2-CB. Meanwhile, 1-CB could be stably stored in EtP5 crystals under reduced pressure while 2-CB could not (Figure 4a, S31S35). Single crystal structure of 1-CB loaded EtP5 shows that 1-CB is encapsulated in the cavity of EtP5, stabilized by multiple CH/ interactions (Figure 4b). In the adsorption experiment of 1-CB and 2-CB positional isomer mixture, the relative uptake amount of 1-CB was over 99%, showing a remarkable selectivity of the -position isomer (Figure 4c and S36). PXRD experiments confirmed that EtP5 could selectively capture 1-CB from a 1-CB/2-CB position isomer mixture, transforming EtP5 into 1-CB@EtP5, which is almost the same as we found in the selectivity study of 1-pentene (Figure S37). Similarly, EtP5 could be reused 5 times without losing any selectivity (Figure 4d). 
In summary, we have shown that an easily-obtained pillar[5]arene, EtP5 could selectively capture linear -position isomers over their -position isomers in the solid state. Its nonporous adaptive crystals have the ability to separate not only 1-pentene from 2-pentene but also 1-chlorobutane from 2-chlorobutane. Different from conventional robust crystalline porous materials whose structures are always stable upon guest capture, the crystal structure of EtP5 will change to a corresponding new structure after the “intrinsic porosity” is induced by selective adsorption of 1-pentene or 1-chlorobutane. More intriguingly, nonporous adaptive EtP5 crystals could distinguish those which have minor differences in the gas/vapor sorption isotherms with remarkable selectivity while it can be difficult for traditional porous materials.21 This selectivity generally arises from the stability of the final crystal structure of EtP5 upon guest capture rather than the suitable pore size/shape. Compared with traditional porous materials, such a nonporous adaptive material with adsorptive separation abilities offers plenty of merits. For example, EtP5 is soluble, is easy to synthesize, has better chemical stability, and can be recycled many time without losing any performance. While the overall uptake capacity and the uptake kinetics in EtP5 is relatively low compared with porous extended frameworks, linear -position isomers can be separated with high purity in just one cycle, which is highly desirable. Future work will attempt to achieve more demanding separations such as conformational isomer separations and chiral separations using post-modified nonporous adaptive crystals of pillararenes. 
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